precipitation, the enzyme lost its malate-oxidizing activity. The enzyme was reactivated by low concentrations of flavine adenine dinucleotide (FAD) but not by flavine mononucleotide (FMN) During studies on the metabolism of dicarboxylic acids in Acetobacter xylinum, it was found that the oxidation of malate to oxaloacetate in this organism is irreversible, and is catalyzed by an enzyme which is not pyridine nucleotidelinked and which is not affected by high concentrations of oxaloacetate (Benziman and Abeliovitz, 1964) .
The present paper describes some additional properties of this enzyme system. A preliminary report of this work has appeared (Galanter and Benziman, 1964) .
MATERIALS AND METHODS
Cells and extracts. Succinate-grown cells of A. xylinum were grown and harvested as de- scribed previously (Benziman and BurgerRachamimov, 1962) . Freshly harvested cells were washed twice with 200 volumes of 0.04 M phosphate buffer (pH 7.0) and suspended in the same buffer at a concentration of 30 mg (dry weight) of cells per ml. Portions of 10 to 15 ml of this suspension were treated in a Raytheon model DF 101 magnetorestrictive oscillator at 200 w and 10 kc per sec for 40 min. The sonic extract was centrifuged at 9,000 X g for 15 min in the cold, and the precipitate was discarded. The supernatant fluid ("crude extract") was again centrifuged at 100,000 X g for 30 min in a Spinco ultracentrifuge (model L). The supernatant fraction (referred to as "high-speed supernatant fraction, HSSF") was stored in the frozen state, and showed only a small decrease in activity over a period of 2 to 3 weeks. Portions of the HSSF were diluted with 0.04 M phosphate buffer (pH 7.0) when necessary.
Enzyme assays. to the quantities of oxidant reduced by using the conversion factors given by Slater and B3onner (1952) and by (Kimura and Tobari, 1963) , ferricyanide was found in our system to be a more effective oxidant than PAIS. Malate oxidation with beef heart cytochrome c was very low (4 % that of ferricyanide) even in the crude extract, perhaps owing to the unreactivity of the mammalian cytochrome c in bacterial systems (see Kamen, 1955) . A similar observation was reported for the particulate malate oxidation system of Pseudomonas ovalis Chester (Francis et al., 1963) .
The stoichiometry of malate oxidation by the HSSF with DCP and ferricyanide as oxidants was the same as that observed with the crude (Benziman and Abeliovitz, 1964) . Experiments were carried out to establish whether malate oxidation is dependent on a dissociable cofactor. Repeated precipitation of the protein from the HSSF by ammonium sulfate at pH 7.0 did not affect the activity. On the other hand, protein precipitation by ammonium sulfate at pH 4.0 resulted in complete loss of malate-oxidizing activity with all the electron acceptors tested. Activity could be restored to the precipitate by addition of a boiled HSSF preparation ( Table 2 ). The results indicate that by acidic ammonium sulfate treatment the malate-oxidizing system was resolved into a protein fraction, which requlired for activity the addition of a cofactor(s) t Prepared as follows: The HSSF was brought to 0.8 ammonium sulfate saturation at a final pH of 4.0 with an acidified saturated ammonium sulfate solution. The mixture was stirred for 15 min, centrifuged at 9,000 X g for 10 min, and the precipitate was dissolved in 0.04 M phosphate buffer (pH 7.0). The precipitation procedure was repeated three times.
1 HSSF (8 mg of protein per ml) was heated at 100 C for 5 min, centrifuged at 9,000 X g, and the precipitate was discarded; 0.5 ml of the supernatant solution was used for each experiment.
O UNTREATED ENZYME A TREATED ENZYME+ FAD 5xl0 M°T REATED ENZYME * TREATED ENZYME + FMN 5x104M £ TREATED ENZYME Table 2 . The nucleotides were preincubated for 10 min with the treated enzyme. Assayed with ferricyanide as described in Materials and Methods. present in the boiled HSSF. Since such a resolution by acidic ammonium sulfate is typical for enzyme systems which have a flavine as a cofactor (see Mahler, 1954 ), several flavines were tested for their ability to replace the boiled extract in reactivating the apoenzyme (Fig. 1) . The results showed that addition of FAD fully activated the apoenzyme, whereas FMN or riboflavine, even at high concentrations, had no effect in restoring the activity. Similar results of full activation with FAD, but not with other flavines, were also observed with PMS or DCP as electron acceptors. To determine the dissociation constant for the FAD-malic dehydrogenase system, the activation of the apoenzyme with various concentrations of the nucleotide was studied (Fig. 2) . The apparent Michaelis-Menten constant, Kin, for FAD (Fig. 2 , insert) was calculated as 2 X 10-M from a Lineweaver and Burk (1934) (Kimura and Tobari, 1963) . The FAD concentration in the boiled HSSF preparation used for the activation of the apoenzyme was 1.3 X 10-M, as calculated from optical-density measurements at 450 m,u, by use of the molar extinction coefficient of FAD (E450 = 11.3 X 103 cm2 mole-') (Dimant, Sanadi, Huenneckens, 1952) . The degree of activation of the apoenzyme with such a preparation (Table 2 ) is in good agreement with the activation obtained under similar conditions with equivalent amounts of authentic FAD (Fig. 2) .
Effect of Atabrine on malate oxidation. Preincubation of the HSSF with Atabrine, a known flavoprotein inhibitor (Haas, 1944; Hellerman, Lindsay, and Bovarnick, 1946) , inhibited its malate-oxidizing activity. Activity could be restored by addition of FAD ( "Malate oxidase" activity assayed with the crude extract was 90% inhibited by 0.9 mM Atabrine. Addition of 0.2 mm FAD reduced the inhibition to less than 10%. In these experiments, riboflavine or FMN could not replace FAD in counteracting the Atabrine inhibition.
Effect of hematin and imidazole on malate oxidation. Hematin was reported (Keilin and Hartree, 1947; Keilin and King, 1960) to inhibit succinate oxidation by succinic dehydrogenase from heartmuscle mitochondria, both in particle-bound enzyme and in soluble preparations. The inhibition was prevented by imidazole or globin, which form stable p-hematin compounds.
The effects of hematin on malate oxidation by extracts of A. xylinum were found to be similar to those reported for the mammalian succinic dehydrogenase. As shown in Fig. 3 , malate oxidation in the presence of PMS is strongly inhibited by low concentrations of hematin, whereas preincubation with globin or imidazole prior to the addition of hematin prevents the inhibitory effect of the latter. The oxidation with ferricyanide or DCP was also found to be inhibited by hematin, under comparative conditions (80% inhibition by 4 X 10-5 M hematin with 0.3 mg of HSSF protein). Similarly, imidazole at concentrations five times that of the hematin prevented the inhibition. With these acceptors, it was impossible to test the effect of globin in preventing hematin inhibition because of the strong light absorption of the globin preparation used in these experiments.
During oxidation experiments in the presence of imidazole, it was observed that preincubation of the enzyme with low concentrations of this (Fig. 4) activity is shown in Fig. 6 . An apparent Michaelis constant of 8 X 10-4 M for L-malate was derived from a double reciprocal Lineweaver-Burk plot (Fig. 6, insert) . This value lies between the Km values of 4.2 X 10-3 and 104 M for L-malate exhibited, respectively, by the NAD-nonlinked malic dehydrogenases of M. avium (Kimura and Tobari, 1963) and P. ovalis Chester (Kornberg and Phizackerley, 1961) .
Substrate specificity. Oxidation of malate by the HSSF was 60% inhibited by citrate or malonate, at concentrations equal to that of the substrate, whereas m-tartarate, DL-tartarate, and isocitrate were inhibitory only when present at a higher concentration. Of these acids, only m-tartrate was slightly oxidized (at 5% of the rate of malate) by the enzyme. Fumarate, succinate, and rlactate were not oxidized. DL-Malate at a concentration of 4 X 10-4 M was oxidized at half the rate of L-malate. Thus, malate dehydrogenase appears to have a rather strict substrate specificity for L-malate. DISCUSSION The results presented here strongly suggest that the pyridine nucleotide-nonlinked malateoxidizing enzyme of A. xylinum (Benziman and Abeiovitz, 1964 ) is a FAD-flavoprotein. Evidence for this comes from the following observations. The flavine component of the enzyme could be dissociated by exposure of the enzyme to pH 4.0 in strong ammonium sulfate solution (Table  2) . Full activity could be restored by treating the enzyme so split with FAD, but not with FMN or riboflavine (Fig. 1) .
Atabrine was found to inhibit malate oxidation both in the crude extract with oxygen as VOL. 88, 1964 oxidant and in the HSSF with PMS, DCP, or ferricyanide as electron acceptors (Table 3) . The inhibition was relieved by FAD, but not by FMN or riboflavine.
The FAD in our system seems to be more tightly bound to the protein than does the FAD of the malic dehydrogenase of M. avium, where the FAD was readily lost by buffer washings during the preparative procedure (Kimura and Tobari, 1963) .
Although Atabrine is a known inhibitor of flavoenzymes, it is also inhibitory to some nonflavin enzymes (Hellerman et al., 1946) . Therefore, it does not follow in all cases that Atabrine inhibition is due to competition with flavine for the apoenzyme. Reversal of inhibition by FAD, however, strongly suggests that flavine is a component of the enzyme. Moreover, the specificity of FAD in reversing the inhibition supports the assumption that this component is FAD (see Korzenovsky and Auda, 1958) . Since Atabrine inhibited malate oxidation, with all of the oxidants tested, it seems very likely that the electron transport from malate to any of these oxidants proceeds via the same Atabrine-sensitive route. In contrast to the effect of Atabrine observed in our system, Mapson and Breslow (1958) reported that the oxidation of i-galactonoy-lactone with PMS as electron acceptor is not affected by Atabrine, whereas the oxidation with cytochrome c is Atabrine-sensitive. Similarly, in both Bacterium tularense (Wadkins and Mills, 1956) and in Tetrahymena (Eichel, 1956) , it has been found that the reduction of PMS by succinic dehydrogenase is Atabrine-insensitive, whereas the succinooxidase reaction is readily inhibited. These observations were assumed to indicate that flavine may not be the initial electron acceptor, but that electrons are transferred from substrate to a primary acceptor (conceivably metal) and then either to PMS or to flavine and thence to oxygen. In our system, however, it would seem that the flavine is situated on the electron-transport route which is common to all the acceptors tested and is most probably involved at the level of the primary dehydrogenase.
The inhibitory effect of hematin on malate oxidation with either DCP, PMS, or ferricyanide as oxidants (Fig. 3) suggests the binding of hematin with a factor essential for malate oxidation activity with the three acceptors. As was the case with the mammalian succinic dehydrogenase (Keilin and Hartree, 1947; Keilin and King, 1960) , hematin inhibition in our system was prevented by imidazole or globin, which form stable p-hematin compounds. Keilin and Hartree (1947) suggested that the inhibition is due to a complex formation between hematin and an iron-binding group essential for the activity of the dehydrogenase. Singer, Kearney, and Massey (1957) suggested that hematin might react with the flavine component of the enzyme, but Keilin and King (1960) did not favor this interpretation, because glucose oxidase, which is a FADenzyme, is not inhibited by hematin. In this connection, it may be further suggested that, since glucose oxidase differs from succinic dehydrogenase in that its activity does not involve participation of a metal ion (Bentley, 1963) , it could be visualized that hematin inhibition occurs only when the enzyme contains both a flavine and a metal ion as essential components for its activity.
The involvement of a metal cofactor, probably nonheme iron, in the malate dehydrogenase activity of A. xylinum is suggested by the inhibition of activity by iron-chelating reagents. Further evidence for this suggestion could be obtained from absorption spectrum measurements of the HSSF. A prominent peak was observed at 417 my which decreased in its height and did not show any wavelength shift upon addition of malate (unpublished data). Similar absorption maxima in the region from 400 to 420 m,u were evident in all iron flavoproteins isolated from the respiratory chain (Ringler, 1961; Singer, Kearney, and Bernath, 1956) and in the succinic dehydrogenase of Micrococcus lactilyticus which contains a high iron-toflavine ratio (Warringa and Giuditta, 1958) . The behavior of the 417-m,u peak of the HSSF upon the addition of malate seems to exclude the possibility that the peak is due to the Soret bands of the cytochromes, which show upon reduction an increase in absorption and a shift in wavelength (Smith, 1961) . The 410-m, peak of beef heart reduced NAD (NADH) dehydrogenase decreased in intensity upon reduction with the substrate in a manner resembling that of our system. This was interpreted by Ringler, Minakami, and Singer (1963) to be owing to ironprotein bonds.
That the malic dehydrogenase in A. xylinum is functionally linked to the cytochrome system is indicated by the cyanide and azide inhibition In being linked to the cytochrome chain, the malate oxidase system of .4. xylinum appears to be similar to the nonpyridine nucleotide malate oxidase systems of P. ovalis Chester (Francis et al., 1963) , MIycobacteriumn avium (Kimura and Tobari, 1963) , and M. phlei (Asano and Brodie, 1963) , but differs from that of Mlficrococcus lysodeikticus in which the uptake of oxygen accompanying malate oxidation appears to be unaffected by cyanide (Gelman, Zhukova, and Oparin, 1960) .
Both in the crude extract and in the HSSF, malate oxidation could be accomplished with a number of oxidants: DCP, PMS, or ferricyanide. Of these, ferricyanide and PMS retain their relative effectiveness as electron acceptors in the HSSF as compared with the original crude extract, whereas enzyme reactivity with DCP is greatly reduced in the HSSF (Table 1) . This observation may indicate that PMS and ferricyanide act closer to the primary dehydrogenase than does DCP, and high-speed centrifugation partly removed that section of the respiratory chain which contains the DCP site of action. This inference does not exclude the possibility that DCP has a second site of action closer to the primary dehydrogenase.
Little is known of the action of Amytal on microbial oxidations. In the present malate dehydrogenase system, Amytal inhibited malate oxidation with oxygen, PMS, and DCP as oxidants, but did not affect at all the oxidation with ferricyanide. One explanation of these observations is that put foward by Francis et al. (1963) to account for similar effects of Amytal on the malate oxidation system of P. ovalis Chester. These authors suggested the coexistence of two electron-transport systems, both catalyzing electron transfer from malate to oxygen, one being Amytal-sensitive, whereas the other, to which ferricyanide is coupled, is Amnytal-insensitive. Another possible explanation of the effect of Amytal is that the three electron acceptors tested couple to one and the same electrontransport route, but the site of action of Amytal is after that of ferricyanide and before the sites of action of PMS and DCP. The malate dehydrogenase activity of Mycobacterium avium was reported to be inhibited by Amytal with PMS as oxidant (Kimura and Tobari, 1963 
